A Pseudomonas species able to degrade p-dichlorobenzene as the sole source of carbon and energy was isolated by selective enrichment from activated sludge. The organism also grew well on chlorobenzene and benzene. Washed cells released chloride in stoichiometric amounts from o-, m-, and p-dichlorobenzene, 2,5-dichlorophenol, 4-chlorophenol, 3-chlorocatechol, 4-chlorocatechol, and 3,6-dichlorocatechol. Initial steps in the pathway for p-dichlorobenzene degradation were determined by isolation of metabolites, simultaneous adaptation studies, and assay of enzymes in cell extracts. Results indicate that p-dichlorobenzene was initially converted by a dioxygenase to 3,6-dichloro-cis-1,2-dihydroxycyclohexa-3,5-diene, which was converted to 3,6-dichlorocatechol by an NAD+-dependent dehydrogenase. Ring cleavage of 3,6-dichlorocatechol was by a 1,2-oxygenase to form 2,5-dichloro-cis, cis-muconate. Enzymes for degradation of haloaromatic compounds were induced in cells grown on chlorobenzene or p-dichlorobenzene, but not in cells grown on benzene, succinate, or yeast extract. Enzymes of the ortho pathway induced in cells grown on benzene did not attack chlorobenzenes or chlorocatechols.
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Chlorobenzenes are widely used as solvents, degreasers, and intermediates in the synthesis of dyes and pesticides (14, 37) . They are released into the environment both by accident and through routine disposal in waste treatment facilities. The fate of chlorobenzenes in the environment has been investigated, but the importance of biodegradation is still not clear, partly because biodegradation studies are hampered by the volatility of the chlorobenzenes. Bouwer and McCarty (3) reported mineralization of chlorobenzene, 1,4-dichlorobenzene (p-DCB), 1,2-dichlorobenzene, and 1,2,4-trichlorobenzene in fixed-film columns when acetate was supplied as the primary carbon source. Strong evidence for biodegradation of p-DCB in groundwater (33) and soil columns (23) was obtained in recent studies in Switzerland. A pure culture able to use chlorobenzene as the sole carbon source was isolated from soil and sewage by chemostat enrichment (29) . Very recently, an Alcaligenes sp. able to grow on 1,3-dichlorobenzene was isolated from soil (6) . In each of these studies biodegradation was preceded by an extended acclimation period. In contrast, p-DCB was not biodegraded in soil columns flooded with primary wastewater (17) , and p-DCB and 1,2,4-trichlorobenzene were not biodegraded in activated sludge (12) . Chlorobenzene biodegradation rates in microcosms containing aquifer material were very low and variable (38) , and dichlorobenzenes and chlorobenzene were not biodegraded in an aquifer during groundwater recharge (31) .
Bacterial metabolism of halogenated aromatic compounds has been the subject of recent reviews (22, 27) . Biodegradation pathways of chlorobenzoic acids (27) (28) (29) , chlorophenols (10, 11, 36) , chlorobenzene (30) , and 1,3-dichlorobenzene (6) have been thoroughly studied in pure cultures of bacteria. The most common catabolic pathways involve conversion of the parent molecules to chlorocatechols by the action of a monooxygenase (11, 27) or a dioxygenase (27, 30) . Cleavage of the resultant chlorocatechols to form chloromuconic acids is catalyzed by nonspecific 1,2-dioxygenases termed type II pyrocatechases by Dorn and Knackmuss (7) . Cleavage by a 2,3-oxygenase is unproductive and results in inactivation of Biodegradation of p-DCB has not been studied in detail to our knowledge. We report in this paper the isolation, characterization, and metabolic activities of a bacterium able to degrade p-DCB as the sole source of carbon and energy.
MATERIALS AND METHODS
Isolation and growth of bacteria. The organism used in these studies was isolated from a mixture of sewage samples collected at Tyndall Air Force Base and Panama City, Fla. Inocula were suspended in 1.5 liters of minimal salts medium (MSB; see below) supplemented with yeast extract (10 mg/liter) and a few crystals ofp-DCB (40 to 60 mg) in a 2-liter flask. The resultant suspensions were stirred continuously with a magnetic stirrer at room temperature. Half of the suspension was removed and replaced with fresh medium at 3-to 5-day intervals. p-DCB crystals were added as necessary to compensate for volatilization. When growth on p-DCB was evidenced by an increase in turbidity and a drop in pH, 250 ml of the suspension was transferred to a 250-ml chemostat. The suspension was stirred with a magnetic stirrer and incubated at 30°C. Fresh MSB was supplied by a pump (FMI, Oyster Bay, N.Y.) at a flow rate of 20 ml/h. Inclusion of p-DCB crystals in the medium gave unpredictable results because high concentrations of p-DCB were toxic. Therefore, p-DCB was supplied in the vapor phase. Air containing p-DCB vapor was provided to the culture via flow meters as described below. The initial p-DCB concentration was 0.5 mg/liter in the air and was gradually increased to 5 mg/liter over a period of 6 weeks. Samples of the enrichment culture were spread on MSB agar plates and incubated in a desiccator that contained crystals of p-DCB (100 to 200 mg) as the sole carbon source. Isolated colonies were tested for ability to grow at the expense of p-DCB.
Isolates that grew well on MSB agar incubated in the presence of p-DCB, but not on control plates incubated without p-DCB, were tested for production of acid from p-DCB. Isolates were grown on MSB agar plates containing yeast extract (100 mg/liter) and bromthymol blue (0.04 g/liter). All of the cultures grew on yeast extract in the absence of p-DCB. Acid production, as evidenced by a color change in the medium, occurred only when cells were grown in the presence of p-DCB and was taken as evidence of p-DCB degradation.
Subsequent cultures were grown in MSB supplemented with 0.02 M sodium phosphate, which provided sufficient buffering capacity to offset the release of acid during growth on p-DCB. Cultures were routinely grown on MSB agar at room temperature in a desiccator with p-DCB as the sole source of carbon. Small (25-ml) broth cultures were grown in 125-ml flasks incubated without mixing in the same desiccator. Larger broth cultures were grown in 2-liter flasks containing 1.5 liters of MSB. p-DCB was supplied in the vapor by an apparatus similar to that described by Reineke and Knackmuss (30) . Air was passed through a column of p-DCB crystals and then sparged through the culture. Concentrations of p-DCB were measured in the influent and effluent air by gas chromatography (GC). Concentrations were adjusted by dilution of the influent gas stream with air by means of flow meters (model 601; Matheson Gas Co.). Concentrations of p-DCB were maintained at 2 to 5 mg/liter in the influent air at flow rates of 0.2 to 0.5 liters/min. Cultures were initially sparged at the lower concentrations and flow rates. Both were increased as the density of the culture increased so that p-DCB was always detectable in effluent air. Similar methods were used for growth on chlorobenzene and benzene. sualized by fluorescence quenching and by color reactions when sprayed with 2,6-dichloroquinone-4-chloroimide (2% in methanol). High-pressure liquid chromatography (HPLC) was performed on a ,uBondapak C18 column (3.9 mm by 30 cm; Waters Associates, Inc., Milford, Mass.) with methanolwater-acetic acid (90:110:1) as the mobile phase. Compounds were detected by their UV A280 with a model 85B recording spectrophotometer (The Perkin-Elmer Corp., Norwalk, Conn.). Catechols were purified on a Zorbax octadecylsilane column (9.4 mm by 25 cm) (Du Pont Co., Wilmington, Del.) with methanol-water (90:110) as the mobile phase. GC was done on an SP1000 Supelco column in a Perkin-Elmer Sigma 2000 GC equipped with a flame ionization detector. Oven temperature was 140°C and nitrogen carrier gas flow rate was 60 ml/min. Capillary column GC/mass spectral (MS) analyses were performed with a model 5987 GC-MS (Hewlett-Packard Co., Palo Alto, Calif.) equipped with an SE-54 fused silica capillary column and electron impact ionization.
Respirometry Colonies were very mucoid, and negative staining revealed a large extracellular capsule associated with the cells. A culture of the organism was treated with N-methyl-N'-nitro-N-nitrosoguanidine, and several nonmucoid mutants were selected on the basis of colony morphology. One of the putative mutants, designated JS6, seemed identical to the wild type in all respects except for the absence of capsule. It was used for all subsequent experiments. JS6 grew well on MSB agar medium in desiccator jars with p-DCB, chlorobenzene, or benzene supplied in the vapor as the sole source of carbon. Transfer ofp-DCB-or yeast extract-grown JS6 to benzene resulted in a delay of 1 to 2 days before resumption of growth. A yellow metabolite was released into the medium during growth of JS6 on benzene. After several When bromthymol blue was included in the medium, growth of JS6 on p-DCB or chlorobenzene caused a color change in the medium which indicated the production of acid. Growth ceased soon after the medium changed color (pH 6.0). Inclusion of additional phosphate buffer (0.02 M) allowed more extensive growth before the color change and subsequent inhibition of growth. Growth with benzene did not lead to acidification of the medium.
The doubling time for JS6 grown in batch culture with p-DCB as the sole carbon source was 5 h, and chloride release was stoichiometric (Fig. 1) (Table 1) . Some of the radiolabel was lost because of the volatility of p-DCB. Half of the remaining radioactivity was recovered as C02, and the rest was divided between the cells and the culture filtrate. The distribution of radioactivity indicated that p-DCB was mineralized and a considerable fraction of its carbon was incorporated into cell material.
Accumulation of metabolites. When washed suspensions of yeast extract-grown JS6 were transferred to fresh medium containing p-DCB as the sole carbon source, a 4-to 6-h lag period ensued before growth resumed. During the induction period, several UV-absorbing metabolites were detected by HPLC analysis of the culture fluid. When the flow of DCB was discontinued, two of the metabolites disappeared from the medium very quickly (Fig. 2) , which suggested that they were transient intermediates. The concentrations of the other UV-absorbing compounds remained constant when DCB was discontinued, which suggested that they were not intermediates in the catabolic pathway.
The two transient metabolites were extracted from a portion of the culture medium when their concentrations were maximal. They were readily extracted with ethyl acetate at neutral pH. Compounds I and II were tentatively identified as p-dichlorobenzene dihydrodiol and 3,6-dichlorocatechol by comparison with authentic standards on HLPC and thin-layer chromatography (Table 2 ). Identities were confirmed by GC/MS analysis of trimethylsilyl derivatives (Fig. 3) .
Traces of a compound with chromatographic properties identical to those of 2,5-dichlorophenol were also detected by thin-layer chromatography. 2,5-Dichlorophenol was identified as a metabolite from p-DCB by Ballschmiter and Sholz Oxidation of chlorocatechols by cell extracts in the pres-2,5-dichlorophenol, and the three chlorocatechols by cell ence of EDTA and phosphate buffer resulted in the accumususpensions grown in p-DCB or chlorobenzene (Table 4) . lation of the presumed muconic acids with spectral properRecoveries from p-DCB and chlorobenzene were <100% ties indicated in Table 6 . The spectral properties of the probably due to volatility of the substrates. After extended products from oxidation of 3-chlorocatechol and 4-incubation periods, chloride was also released from 4- chlorocatechol are similar to those described by Dorn and chlorophenol, 2,4-dichlorophenol, 1,2-dichlorobenzene, and Knackmuss (8) for 2-chloro-cis, cis-muconic acid and 3- chloro-cis, cis-muconic acid formed under similar conditions. The UV spectrum of the product from 3,6-dichlorocatechol oxidation was the same as would be expected from 2,5-dichloromuconic acid, but an authentic standard was not available for comparison. The substituted muconic acids were not further metabolized in the presence of phosphate and EDTA. When the assay was performed in Tris buffer without EDTA, the presumed muconic acids slowly disappeared. The initial A258 from oxidation of 4-chlorocatechol disappeared and was replaced by a lower absorbance maximum at 244 nm, which was abolished upon acidification. The spectral properties of the product were similar to those of maleylacetic acid (11) . No isosbestic point was observed during the enzyme-catalyzed spectral changes, which suggests that the conversion involved one or more reaction intermediates. Similar results were obtained with 3- chlorocatechol; the A266 disappeared and was replaced by an absorbance maximum at 242 nm, which was abolished upon acidification.
Initial absorbance of the product of 3,6-dichlorocatechol oxidation (absorbance maximum, 277 nm) shifted to 250 nm when the reaction was allowed to continue (Fig. 4) . The A250 was abolished upon acidification. The spectral properties were identical to those reported for 2-chloromaleylacetic acid (10) . The absorbance maximum at 250 nm also disappeared upon addition of NADH or NADPH. The resulting reaction mixture gave a positive Rothera test (19) , which suggested the presence of 3-ketoadipic acid or 5-chloro-3-ketoadipic acid.
Catechol 2,3-dioxygenase catalyzed the oxidation of volume of 1.0 ml. The reaction was initiated by the addition of 3,6-dichlorocatechol (spectrum 1). Spectral changes were monitored until no further changes were detectable (spectrum 5); then mixtures were acidified to pH 2.0 by the addition of HCI (spectrum 6). The reference cell did not receive 3,6-dichlorocatechol. Spectral changes suggest conversion of 3,6-dichlorocatechol (spectrum 1) to 2,5-dichloro-cis, cis-muconic acid (spectrum 3) and then to 2-chloromaleylacetic acid (spectrum 5). catechol and caused the accumulation of the yellow ring fission product 2-hydroxymuconic semialdehyde (absorbance maximum, 375; shifted to 315 nm upon acidification) (2). The ring fission product accumulated in heat-treated extracts, but slowly disappeared in extracts not subjected to heat treatment. Chlorocatechols were not attacked by the 2,3-dioxygenase. Furthermore, activity toward catechol was abolished in the presence of chiorocatechols due to the established toxicity of chlorocatechols to 2,3-dioxygenases (21, 28) . Catechol 2,3-dioxygenase activity was induced in cells grown on p-DCB, chlorobenzene, and benzene, but not in cells grown on succinate or yeast extract. The 2,3-dioxygenase activity in benzene-grown cells seemed to be more sensitive to inactivation by heat than the activity in p-DCB-or chlorobenzene-grown cells (data not shown).
DISCUSSION
Bacterial attack on chloroaromatic compounds can proceed by several different mechanisms. In some instances a chlorine atom is replaced by a hydroxyl group prior to ring cleavage (20, 24, 25 ; P. J. Chapman, Abstr. Annu. Meet. Am. Soc. Microbiol. 1975, 02, p. 192) . However, most systems studied to date have involved removal of the chlorine after ring cleavage (9, 10, 27, 29, 30) . The presence of two hyroxyl groups on the aromatic nucleus is a general prerequisite for ring cleavage and further metabolism (13) . Hydroxyl groups can be added to the ring by the incorporation of molecular oxygen catalyzed by either dioxygenases or monooxygenases. Thus, the initial attack on pdichlorobenzene could be by a monooxygenase at the 1 or 2 position to form 4-chlorophenol or 2,5-dichlorophenol. A second adjacent hydroxylation would produce the ring fission substrate 4-chlorocatechol or 3,6-dichlorocatechol. Alternatively, a dioxygenase attack at the 1,2 or 2,3 position would lead to the formation of either 4-chlorocatechol or 3,6-dichlorocatechol. We sought to distinguish among these possibilities by isolation of metabolites, simultaneous adaptation studies, and assay of key enzymes.
Rates of 4-chlorophenol and 2,5-dichlorophenol oxidation by p-DCB-grown cells were low and not sufficient to account for the observed growth rates. Attempts to detect NADH-or NADPH-linked 4-chlorophenol or 2,5-dichlorophenol hydroxylase activities in cell extracts were unsuccessful (data not shown). Therefore, oxidation of chlorocatechols by p-DCB-grown cells suggested an initial attack by a dioxygenase. Both 4-chlorocatechol and 3,6-dichlorocatechol were oxidized by p-DCB-grown cells, but the isolation of 3,6-dichlorocatechol and p-dichlorobenzene dihydrodiol from the culture fluid indicates that the initial attack was primarily at the 2,3 position by a dioxygenase to form p-dichlorobenzene dihydrodiol. The initial reaction is thus similar to that found in Pseudomonas putida by Oxidation of the dihydrodiol to 3,6-dichlorocatechol was catalyzed by an inducible dehydrogenase. Ring cleavage of 3,6-dichlorocatechol was catalyzed by an inducible nonspecific 1,2-dioxygenase. Based on these results, we propose the pathway shown in Fig. 5 for initial attack on p-DCB. The pathway is analogous to that described by Reineke and Knackmuss for the biodegradation of chlorobenzene (30) . The initial steps are also analogous to the reactions described by deBont et al. (6) for oxidation of 1,3-dichlorobenzene.
We are currently investigating the subsequent steps leading to the elimination of chloride. Lactonization, elimination of chloride, and conversion to 2-chloromaleylacetic acid are likely based on analogy with pathways for biodegradation of chlorobenzene (30) and 2,4-dichlorophenoxyacetic acid (10, 36) . Conversion of 3,6-dichlorocatechol to a compound with spectral properties similar to those of 2-chloromaleylacetic acid (10) is preliminary evidence for this sequence in our isolate. Two pathways have been described for the degradation of 2-chloromaleylacetic acid. One involves reduction of the double bond in an NADH-dependent reaction to form 5-chloro-3-ketoadipic acid, which is then cleaved to acetyl coenzyme A and chlorosuccinate (9) . The alternative involves conversion of 2-chloromaleylacetic acid to 3-ketoadipate, which is then cleaved to form acetyl coenzyme A and succinate (5) . The observed NADH-dependent conversion of 2-chloromaleylacetic acid to a Rothera-positive substance could be explained by either sequence.
The properties of the catechol 1,2-dioxygenase detected in JS6 seem identical to those of the type II pyrocatechase described for WR1306 (30) and B13 (7), a Pseudomonas sp. Biodegradation of chlorobenzene by JS6 seems to follow the modified ortho pathway described by Reineke and Knackmuss (30) . Their (30) , 1,3-dichlorobenzene (6), and 2,4,5-trichlorophenoxyacetic acid (18) . Furthermore, biodegradation of organic compounds in the environment is often preceded by an extended acclimation period (35) . The ability of JS6 to degrade p-DCB might have arisen through a mutation in a structural or regulatory gene in the pathway for a similar compound such as chlorobenzene. Alternatively, the pathway could have arisen by recruitment of genes from other organisms or other pathways in the same organism. A good example is the recruitment of the nonspecific dioxygenase from a TOL plasmid to allow growth of Pseudomonas sp. strain B13 on 4-chloro-and 3,5-dichlorobenzoate (29) . A third possibility is that organisms able to grow on p-DCB existed in the microbial community used as the inoculum at the beginning of the enrichment, but did not grow for reasons that are not understood. Such situations have been described in the environment when extended acclimation periods precede degradation of p-nitrophenol even though bacteria able to grow on p-nitrophenol can be isolated from the community at the beginning of the acclimation period (35) . Because the length of the microbial adaptation period can have a profound effect on the biodegradation and eventual fate of pollutants in the environment, the mechanism of adaptation to growth on p-DCB is currently under investigation.
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